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ARTICLE INFO ABSTRACT

Keywords:

Cuz0 nanocubes
Low-index facets
Electrochemical sensor
Facet-dependent sensing

Despite numerous efforts have been made on exploring the preparation, properties and application of CuyO
nanocrystal, there is still a lack of a facile and green synthesis strategy to obtain well-defined Cu,O nanocubes
(NCs). And exploration of the superior low-index lattice plane of Cuz0 in electrochemical sensing is also inad-
equate. Herein, we proposed a Ni(OH),-mediated in-situ synthetic strategy for the preparation of CupO NCs
enclosed by low-index facets with simple procedure, mild temperature and low energy-consumption. The Ni
(OH);, sites not only facilitated the contact between Cu®* and the substrate Ni foam (NF), but also can combine
with the NF to act as a primary battery to regulate the nucleation and growth rate of CuyO (100) facets.
Benefiting from the high ratio of exposed electroneutral (100) lattice planes of nanocubes, the Cu,O NCs formed
on Ni(OH)z-abundant Ni Foam (CuzO NCs/NFgg) exhibited a wide linear range (3.25-1178.8 pM), a low
detection limit (1.86 uM) and a high sensitivity (900 pA mM~! cm™2) in dopamine hydrochloride (DAH) elec-
trochemical sensing. This work expects to provide more clues about the relationship between different dominant
low-index facets of Cup0 NCs and electrochemical sensing performance towards DAH, and thereby contributes to

the development of functional materials based on CuyO nanocrystals with desirable facets.

1. Introduction

Metal oxides nanomaterials (NPs) offer practical and promising so-
lutions to realize outstanding performance in various applications on
account of their unique and exciting properties [[]]. Among those metal
oxides, CupO nanomaterials have attracted growing interest in the area
like catalysis (electrocatalysis, photocatalysis and organocatalysis) and
sensing (electrochemical sensing, surface-enhanced Raman sensing and
photoelectricity sensing) due to their non-toxic, inexpensive and
easily-available properties [E—J]. Thereinto, widespread attention has
been paid to the development and investigation of CuzO nanocrystals
which possess sufficient redox capacity, varied morphology and unique
properties like facet-dependent property [H]. CuzO nanocrystals present
a cubic structure, in which the tetrahedron of Cu atoms are surrounded
by O atoms while every Cu atom corresponds to two neighboring O
atoms in the model of unit cell [[]]. The special electrical properties of
Cuz0 nanocrystal render it considerable potential to be applied for
various electrochemical reactions with favorable activity and selectivity.

* Corresponding author.
** Corresponding author.
**% Corresponding author.

Hence substantial numbers of attempts have been made to create diverse
variety of engineered CuyO nanocrystals for the construction of
high-efficiency electrochemical sensors with accurate sensing signal.
At present, diverse CupO nanostructures have been reported as
promising candidate materials in catalysis and sensing, such as cubes,
octahedra, cuboctahedra, rhombic dodecahedral crystals and nanowires
[B]. Among the various types of CuyO nanocrystals, the cubic and
octahedral structures occupy an important position because of their
preferable capacity to be converted into other structural forms [[g]. To
obtain Cuy0 nanocrystals with desired physical and chemical properties,
a universal strategy is to tune the exposed facets to acquire requisite
surface energies and electronic structures [[J]. And CuzO nanocrystals
enclosed by low-index planes have attracted broader concern owing to
their good controllability, simple synthetic route and low energy con-
sumption in preparation as well as favorable stability in catalysis and
sensing [[[Q]. The basic Cuz0 crystals composed of low-index facets can
be divided in different types that are enclosed by the (100), (111), and
(110) facets, respectively [[Q,[T]. In the quest to prepare CuO
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nanocrystals with well-defined morphology and specific facets, the
primarily applied tactic is solution phase synthesis, in which the
nucleation and growth behaviors of CuyO crystals can be well controlled
and thus nanocrystals with required exposed facets can be obtained [[]].
In general, for solution phase synthesis, Cu(OH), precursor firstly forms
through the combination of Cu?>* and OH™ in alkaline conditions, and
then the CuzO nanocrystals are obtained from the conversion of Cu
(OH)5 under the action of reductants like NH,OH, ascorbic acid and
sodium citrate [[[Z—T4]. Whereas, it should be noted that in order to
precisely acquire the nanocrystals with certain exposed lattice planes,
most of the related researches either highly rely on the utilization of
capping agent or require relative strict control of reaction conditions like
pH and temperature [J,[J]. And a facile and green synthetic pathway to
prepare the CupO nanocrystals with well-defined morphology is still
highly demanded.

Furthermore, although there are numerous studies that have re-
ported the success preparation of CuyO-based electrochemical sensors
and their excellent performance in practical application, the unique
sensing mechanism of Cuz0 nanocubes enclosed with low-index lattice
planes have not been fully explored. In this work, we proposed an in-situ
synthetic strategy mediated by microgalvanic cells for the formation of
Cu,0 nanocubes with well-defined facets on Ni Foam substrate (Cu,O
NCs/NFgp), which was free from the dependence on the addition of
alkaline substances, capping agents or reductants. Then an electro-
chemical sensor based on the CupO NCs/NFgo was developed for the
determination of dopamine hydrochloride (DAH), which exhibited a
wide linear range (3.25-1178.8 uM), a low detection limit (1.86 pM) and
a high sensitivity (900 pA mM~! em™2) in sensing. The designed elec-
trochemical DAH sensor offers an economic and efficient way for the
accurate determination of DAH, which also exhibits promising potential
to be applied in portable sensor and wearable sensor. Moreover, to gain
the insights into the superior low-index lattice planes of CuyO NCs/NFggo
in electrochemical sensing towards DAH, we conducted the corre-
sponding density functional theory (DFT) calculations to explore the
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adsorption between DAH molecules and different exposed low-index
facets of CuzO. This work aims to evaluate the utilization potentiality
of Cuy0 nanocubes enclosed with different low-index facets in electro-
chemical sensing and clarify the corresponding sensing mechanism to
provide valuable inspiration for further development of electrochemical
sensors based on CuyO nanocrystals.

2. Results and discussion
2.1. Characterization

As illustrated in [I3-1], this work tactfully utilized the partly oxidized
Ni foam (NFgp) with Ni(OH), sites to construct a quantity of micro-
primary cell for the synthesis of CupO nanocubes (NCs) with low-
index (100) facets. And the electrochemical sensor based on Cu,O
NCs/NFgo exhibited superior sensing performance like depressed
oxidation potential and elevated response current in DAH detection.
Compared with conventional method, the proposed strategy liberates
the production of Cuz0 NCs from the high energy consumption and the
dependence on the use of reagent like alkali, capping agents and re-
ductants, providing a facile and green route for the preparation of Cu,O
NCs-based electrodes.

The morphology was characterized by Scanning electron microscope
(SEM). As shown in [ig- Ja, we can clearly observe that the CupO NCs
uniformly formed on the skeletons of NFgp. And with the prolongation of
immersing time, the amount of CuyO NCs loaded on the surface of NFgo
is significantly increased (Fig. S1). The average size of the Cu,O NCs on
NFgo was calculated to 260-350 nm according to the corresponding
SEM images in [ig._Ja. Whereas, the CupO synthesized on the NFg
depicted an irregular particulate appearance instead of cube-shaped
structure (Fig. S2) and the Cu NPs synthesized on NFg exhibited tiny
particulate morphology accompanied with relative low loading, which
can be ascribed to influence of different surface composition of
substrate.

“J Cu20 nanocube
£ Cu nanoparticle

0 0 0008000000000 000000000 00000 TNeesteesniee ticessneesitocesnetssnneeeseecsssosssocecney

high temperature

+ /hlgh temperature '
- /alkali /reductants

/capping agents  ¢.>0 NCs

8 MR a AN aNNesaNNasannateantsaintacanessnissanasanntassanasstnssannssanacsannsssnccscncssancssansasancsssanasannal

* Ni foam

Potential (V vs. SCE)

sreesvrerevrecrrree

Fig. 1. Schematic illustration of (a) the synthesis process and the excellent sensing performance of Cu,O NCs/NFgo and the advantages of proposed Ni(OH),-

mediated strategy over (b) conventional method.
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Fig. 2. (a) SEM image of Cuz0 NCs/NFgq (Inset: partial enlarged view of [ig-Ja). (b) XRD pattern of CuyO NCs/NFgo (Inset: partial enlarged view of FIz-Jb). (c) The
lattice fringes of CuzO NCs/NFgo in TEM image (Insert: HRTEM image of CuO NCs). (d) Raman spectrum of CuyO NCs/NFgq. (€) XPS survey spectra of pure NF and
Cu,0 NCs/NFgo. (f) XPS Cu 2p spectrum of Cu,0O NCs/NFgo. (g) Cu LMM Auger spectrum of CuyO NCs/NFgq. (h) XPS Ni 2p spectra of pure NF and NFgo. (i) XPS O 1s

spectra of pure NF and NFgo.

X-ray diffraction (XRD) was utilized to investigate the formation of
Cuy0 particles. X-ray diffraction (XRD) pattern of CupO NCs was given in
[Fz—3b, in which the peaks at 44.8°, 52.0° and 76.5° can be indexed to Ni
foam (JCPDS 89-7128) and the peaks at 36.6°, 42.4° and 61.4° can be
indexed to the (111), (200) and (220) diffraction peaks of CuzO (JCPDS
05-0667). Although the overall peak intensity of Ni foam is much higher
than CuyO, the sharp peaks of CupO crystals still can be observed,
indicating their good crystallinity. And the intensity ratio between the
(111) and (200) peaks of Cu0 was calculated to be 1.88, which is lower
than the reference value (2.7) of standard powder, indicating the
abundant (100) facets of the CupO nanocubes prepared on NFgo [[G]. It
should be noted when the substrates were changed from to NFgo to NFg
and NFq, the obtained electrodes didn’t show the diffraction peaks of
Cu,0 in their XRD patterns (Fig. S3a) despite the signal of Cu * can be
observed in CupO NPs/NFq (Figs. S3b-c), which suggested that the
formation of CupO NCs was strongly dependent on the substrate. The
TEM images of CuyO NCs synthesized on NFgg also exhibited a typical
cube structure (Fig-_4c). And the HRTEM present lattice distance of
0.213 nm, corresponding to the CuO (200) plane.

Then Raman spectroscopy was also utilized to characterize the
composition of CuyO NCs materials. As illustrated in Fig.Ad, the three
binding energy peaks at 205, 532 and 623 cm ™! could be attributed to
the characteristic Raman bands of CuyO, while another two peaks

located at ~330 and 571 cm™! could be assigned to the CuO phase
generated due to sample drying and sample storage [[7,[J]. These
above results revealed the success preparation of CuyO NCs/NFgp with
low-index lattice planes.

In order to further investigate the element composition of CupO NCs/
NFgo, the X-ray photoelectron spectroscopy (XPS) measurements were
carried out and the results were given in [ig._Je-g. The XPS survey
spectra of CupO NCs/NFgq in [ig-_Je revealed the existence of Cu, Ni, O
and C elements, confirming the success introduction of Cu element on
the surface of NFgg after being immersed in CuSO4 solution. Then the
further analysis of valence state was conducted through collecting high-
resolution XPS spectra of Cu element. As shown in [Ig_Jf, the two high
peaks at ~932.5 and ~952.3 eV can be respectively ascribed to the Cu
2ps3/2 and Cu 2py /5 of Cu'/Cu®, while the other two peaks related to
Cu®* can also be observed at ~934.7 and ~954.8 eV, which can be
attributed to the partial oxidation of CusO NCs on the surface occurred
in sample drying and sample storage. Another two peaks at ~963.3 and
~943.5 eV were the satellite peaks. As the binding energy of Cu" and
cul is very close to each other (0.1 eV), it’s usually difficult to distin-
guish their signals in the core-level Cu 2p spectrum. Thus, we collected
the auger spectra of Cu LMM signal of CuyO NCs/NFgo (Fig-Jg), and
only the typical peak of Cu' located at 916.6 eV could be observed,
suggesting the success synthesis of CugO NCs.
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Besides, in consideration of the fact that CusO NCs with well-defined
cubic morphology and low-index lattice planes can only be synthesized
on the surface of NFg, we also investigated the XPS spectra of NFgg and
pure NF to figure out the difference between them to ascertain the key
factor for the preparation of Cuy0O NCs/NFgq. The high-resolution XPS
spectra of Ni element were collected to compare the valence state of Ni
element in NFgp and pure NF. As shown in [ig._Jh, the XPS spectra of
pure NF exhibited two shake-up satellite peaks at 879.6 and 861.0 eV.
Additionally, the two distinct peaks centered at 874.4 and 855.9 eV can
match well with the Ni 2p3/5 and Ni 2p; 5 of Ni(OH)a, respectively [[[J,
Edl. And the two peaks at 872.8 and 854.1 eV corresponded to the Ni
2ps,2 and Ni 2p; 5 of Ni2*, respectively [[J,E0]. In addition, the peaks
located at 871.1 and 852.9 eV can be attributed to Ni® [ETQ]. The Ni 2p
spectrum of NFgg can also be deconvoluted to the peaks related to Ni
(OH),, Ni%" and Ni® while the ratio of valence state of Ni element varied
compared with pure NF. After etching treatment, the NiO layer caused
by the surface oxidation was partly removed while more Ni(OH), active
sites are efficiently exposed, which can also be confirmed by the obvious
increase of absorbed OH in the O 1 s XPS spectrum of NFgg. As shown in
12—, the three prominent peaks centered at ~529.7, ~531.3 and
~532.6 eV can be assigned to the absorbed water, absorbed OH and
lattice oxygen, respectively [E4,E3]. And it should be noted that the
proportion of Ni(OH), reduced after the growth of CupO nanocrystals,
which suggested that the Ni(OH); on the surface of NFgo might act as
seed sites to mediate the formation of CuyO nanocubes with low-index
lattice planes (Fig. S4, Table S1). Besides, from the XPS survey spectra
of NFgg and pure NF in Fig. S5, it can be observed that apart from the
intrinsic elements like C, O and Ni of pure NF, an extra Cl element
emerged in the XPS survey spectra of NFgp, which can be attributed to
the residual HCl in the etching of NF.

Based on the above analysis, one of the important reasons for the
success synthesis of CupO NCs on NFgp can be attributed to the
improvement of wetting ability and the introduction of CI~ during
etching process. The enhanced wetting ability makes the Cu®" ions easy
to access and participant in synthetic reaction and the residual Cl™ as-
sists the formation of cubic Cuy0 particles [[I,Z4]. Thus, both of the Cu,O

Talanta 282 (2025) 126995

NCs/NFgo and Cu NPs/NFg showed higher loadings and more distinct
granular appearance than CuyO NPs/NFq, as shown in Fig-_Ja and
Fig. S2. However, although the Cl™ introduced in etching can enhance
the adsorption of Cu®>" and influence the nucleation and growth rate,
most of the CupO NPs on NFg are irregular particles instead of
well-defined nanocubes, which can be ascribed to the influence of
omission of oxidation process after etching treatment. Specifically, the
surface OH formed in oxidation can facilitate the connection between
the water molecule and the substrate material, and the Ni(OH), on the
NFgo could mediate the formation of CupO nanocubes through the for-
mation of plenty of micro-primary battery, based on which the Cu?*
adsorbed on the surface of substrate and in-situ converted into Cu,O
nanocubes with low-index (100) facets.

2.2. Electrochemical sensing performance of electrode

To investigate the electron transfer resistance of prepared electrodes,
electrochemical impedance spectroscopy (EIS) was measured in 5 mM
[Fe(CN)gl 3/4- containing 0.1 M KCl (Fig_Ja). The smaller semicircle in
the Nyquist plot of CupO NCs/NFgg indicated that the introduction of
Cuz0 NCs can reduce the charge transfer resistance (R.y) and facilitate
the charge transport efficiency, which is closely related to the electro-
chemical activity of electrodes. And the electrochemical surface area
(ECSA) of pure NF and CuyO NCs/NFgg was estimated by recording the
CV curves in 0.1 M PB with scan rates ranging from 10 to 100 mV s
(Fiz3b, Fig. S6). The ECSA of Cuy0 NCs/NFgo was calculated to be 0.42
mF cm™2, showing a significant improvement compared with its pre-
cursor (pure NF, 0.05 mF cm2), which can efficiently enhance the
electrochemical sensing signal of CupsO NCs/NFgq in the detection of
DAH.

The electrochemical oxidation capability was investigated by
recording the CV curves of different electrodes in 0.1 M PB with and
without 1 mM DAH (Fig—Jc-f). It can be seen that on the surface of Cup0
NCs/NFgg electrode, there is only irreversible electrochemical oxidation
reaction for DAH, and the oxidation peak towards DAH appeared at
0.233 V with a peak current density of 2.02 mA cm™2. Compared with its
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Fig. 3. (a) The Nyquist curves of pure NF, NFgo and Cup,O NCs/NFgq, (b) The calculation of Cg; of NF (blue line) and Cu,O NCs/NFgq (gray line) in 0.1 M PB, (c) CV
curves of NF (gray part), NFgo (red part) and Cu,O NCs/NFgq (blue part) in 0.1 M PB with 1 mM DAH (solid line) and without DAH (dashed line) and (d) the
corresponding column chart. (e) CV curves of CuyO NPs/NFg (yellow part), Cu NPs/NFg (green part) and Cup,O NCs/NFgg (blue part) in 0.1 M PB with 1 mM DAH
(solid line) and without DAH (dashed line) and (f) the corresponding column chart.
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precursors (pure NF and NFgg), the proposed Cup,O NCs/NFgq electrode
shows an improved oxidation peak current and lowest peak potential,
indicating the high electrochemical oxidation capability induced by
surface CupO NCs, which is conducive to realizing better electro-
chemical sensing performance towards DAH. In addition, the CV curves
of Cuy0 NPs/NFg and Cu NPs/NFg in the presence of 1 mM DAH were
also measured to investigate the electrochemical oxidation capability of
electrodes prepared on different substrates. It can be observed that
compared with CuyO NCs/NFgq electrodes, the Cu;0O NPs/NFq elec-
trodes and the Cu NPs/NFg electrodes exhibit lower oxidation peak
current towards the DAH. The CusO NCs/NFgg electrode showed a
higher peak current of 2.02 mA cm ™2 and a decreased anodic peak po-
tential (E,) of 0.23 V compared with those of Cu NPs/NFg (1.29 mA
cm_z, 0.31 V) and Cuy0 NPs/NFgg (1.07 mA cm_z, 0.44 V), indicating
the better electrochemical oxidation capability and the higher response
signal of CupO NCs/NFgo with higher ratio of (100) facets.

The main reason for the superior electrochemical performance of
Cu0 NCs/NFgg can be attributed to the distinct properties of (100)
facets. Although some common advantages exist in all the low-index
planes of CuyO like relative low surface energies and favorable stabil-
ity, there are still difference between (111), (110) and (100) planes.
Density functional theory, as a theory of electronic structure formulated
in terms of the electron density as the basic unknown function, can
provide insight into sensing mechanisms at atomic scale. Therefore, DFT
calculation was conducted to calculate the DAH adsorption energy on
the surface of CuyO with different facets and figure out the difference of
the affinity between DAH molecules and different types of low-index
facet edges. DAH molecule was firstly adsorbed on the surface of
different crystal edges and the lengths of formed Cu-O bonds were
measured as 1.91 A for (100) plane, 2.07 A for (110) plane, and 2.65 A
for (111) plane. As shown in [ig-4, the (100) plane also exhibited the
lowest adsorption energy of —1.64 eV compared with (111) plane
(—0.05 eV) and (110) plane (1.98 eV). The shortest bond length and the
highest negative binding energy between CuyO (100) facet and DAH
implied the stronger affinity of (100) crystal edge to DAH molecules
among the exposed low-index facets that we investigated, which is
conducive to realize superior response signal and high sensitivity in
DAH electrochemical sensing. And the higher affinity of (100) plane can

Eads =-1.641 eV

(111) facets C

Eads = -0.055 eV
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also be ascribed to the electrostatic interaction. Owing to the different
under-coordinated Cu atoms induced by varied atomic arrangements,
the (100) facet terminated by O atoms displayed electric neutrality
instead of the electropositive properties of the (111) and (110) planes
due to the dangling Cu atoms [[]. During the testing process, the DAH
molecules are positively charged owing to the weak alkaline environ-
ment provided by PB solution (pH = 7.5), which conduces to the better
combination between DAH and the surface of (100) planes because of
the reduced electrostatic repulsion. And the order of charged property of
Cuy0 are in the following order: (100) < (111) (positively charged) <
(110) (positively charged), which is consistent with the results in DFT
calculations. Thus, the significantly increased oxidation peak current of
Cuz0 NCs/NFgg electrode can be attributed to their high ratio of
exposed electroneutrality (100) facets and the resulting stronger affinity
with DAH molecules.

Besides, the electrochemical behavior of CuyO NCs/NFgg electrode
in the existence of DAH was also studied. Fig. S7 shows the CV curves of
Cuy0 NCs/NFgg electrode in 1 mM DAH at different scan rates (10-100
mV s71). It can be observed in [TZ_Ja that there is a good linear rela-
tionship between the current density of oxidation peak and the square
root of scan rates, which is calculated to be Aj (mA cm™2) = 0.323 v
mv'/2 72y . 0.230, with a correlation coefficient (R?) of 0.987,
indicating a surface diffusion-controlled process of DAH on the Cuy0O
NCs/NFgq electrode.

The pH values of electrolyte solutions have a considerable influence
on the electrochemical behavior of DAH. Thus, we collected the CV
curves of Cuz0 NCs/NFgg electrode in the presence of 1 mM DAH in 0.1
M PB under different pH values. As shown in [ig_Jb and c, with the pH
values ranging from 6.0 to 7.5, the position of oxidation peak shifted
negatively while its current density gradually increased and reached the
highest values at pH of 7.5. And when pH values exceeded 8.0, the peak
current declined, which might be related to electrostatic effect between
positively charged DAH molecules and electroneutrality (100) facets.
Therein, 7.5 was considered as the optimum pH value of electrolyte,
which was applied in subsequent experiments. And the CV curves of
Cuz0 NCs/NFgg electrode prepared under different synthetic tempera-
ture, synthetic time and different cupric salt used for immersion were
also recorded to obtain the optimum parameters for the synthesis of

(110) facets

Eads = 1.985 eV

Fig. 4. Illustration of the structure of (100), (111), and (110) facet of Cu,0O and the optimized structures of DAH molecules adsorbed on the surface of Cu0 (100),

Cup0 (111), and Cuy0 (110).
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Fig. 5. (a) The fitted curve of the current density in CV curves of CuzO NCs/NFgq recorded in 1 mM DAH at different scan rates (10-100 mV s 1. (b) The CV curves
of Cu,0 NCs/NFg collected in different pH values (solid line: CV curves recorded in the presence of 1 mM DAH, dashed line: CV curves recorded in 0.1 M PB) and (c)
The corresponding column chart of peak current density. (d) The fitted curve of the current density in CV curves of CuyO NCs/NFgq collected in different con-
centrations of DAH (0.1-3 mM). (e) The cartogram of the peak current density in amperometric curves of Cu,0O NCs/NFgo under different potential (0.15-0.35 V). (f)
The working curves of Cu;0 NCs/NFgq obtained by amperometric measurement. (g) The reproducibility of five dependently prepared Cu,O NCs/NFgq electrodes. (h)
The stability of Cup,O NCs/NFgq electrodes stored for 1-27 days. (i) Selectivity of CusO NCs/NFgq electrodes with the addition of DAH and interfering substances.

materials. Based on the results in Fig. S8, the CupO NCs/NFgq electrode
was prepared through immersing the NFgo in CuSO4 solution for 30 min
under 50 °C and applied for subsequently experiments.

Fig. S9 exhibits CVs of the CuyO NCs/NFgq electrode with the
addition of different concentrations of DAH. The oxidation peak current
increased accompanied with the increase of DAH concentration. And the
corresponding linear relationship is calculated to be Aj (mA cm™2) =
2.29 C (mM) + 0.0312, with a correlation coefficient (R?) of 0.991
(Fiz—3d). The good linear relationship suggested the potential of CuyO
NCs/NFgq electrode to be utilized for the quantitative determination of
DAH.

Amperometry, as a more sensitive technique, was used for further
evaluation of electrochemical sensing performance of Cu0O NCs/NFgq.
To determine the optimum potential applied in amperometric mea-
surement, we tested the response current of CupO NCs/NFgo under
different potentials ranging from 0.15 V to 0.35 V with the addition of
25 pM DAH (Fig_3e). And the maximum response current appeared at
the potential of 0.25 V, which was applied in subsequent amperometric
measurement as the optimum potential. The sensing performance of
prepared electrodes was also studied through amperometric response
test. As shown in Fig. S10, with the addition of 25 pM DAH, Cuy0 NCs/
NFgo exhibited approximately 2.6 times higher response current
compared to that of pure NF. And the enhanced response signal can be

attributed to the larger electrochemically active surface area, excellent
oxidation capability and improved analyte-capturing ability of the CuyO
NCs/NFgq electrode.

The electrochemical sensing performance of CupO NCs/NFgg elec-
trode was investigated by amperometric method under the optimum
experimental conditions (FIg_Jf, Fig. S11). With the addition of different
concentrations of DAH, the response current exhibited two-stage line-
arly increase following two linear equations as /\j (mA cm™2) = 0.9 C
(mM) - 0.0007 (R% = 0.998) and /\j (mA cm~2) = 0.53 C (mM) + 0.197
(R? = 0.995). The proposed DAH electrochemical sensor based on CuyO
NCs/NFgg electrode showed a sensitivity of 900 pA mM ! cm ™2 with the
concentration ranging from 3.25 pM to 533.8 pM and another sensitivity
of 530 pA mM ! em 2 in the concentration range of 533.8 pM-1178.8
pM. And the corresponding detection limit was calculated to be 1.86 pM
(S/N = 3). As shown in Table S2, compared with those previously re-
ported electrochemical DAH sensor composed of metal oxides, the
developed sensor based on Cuy0O NCs/NFgq electrode displayed desir-
able sensing performance towards DAH, including a wider linear range,
a higher sensitivity, a lower LOD values and a shorter response time. And
the main reason for its superior electrochemical performance can be
stated as follows. The Ni(OH)y-mediated synthesis of CuyO NCs/NFgo
not only contributed to the uniform dispersion of nanocrystals and the
formation of well-defined nanocubes composed of stable low-index
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planes, but also raised the ratio of (100) planes in the CuyO nanocubes,
thus leading to the reduced oxidation potential and improved electro-
catalytic oxidation capacity towards DAH as well as the enhanced
response current.

Reproducibility is an essential factor to be considered in ensuring the
practicality of proposed sensor. Therein, we tested the CV curves of five
independently prepared CuyO NCs/NFgg electrodes in the presence of 1
mM DAH (Fig_Jg). And from the corresponding column chart, it can be
seen that the oxidation peak current of different batches of CuyO NCs/
NFgo electrodes was close to each other, and the RSD value was calcu-
lated to be 1.41 %, indicating a satisfying reproducibility of CusO NCs/
NFgo towards DAH sensing. In addition, the stability of sensor is also
important for evaluating its sensing performance. Thus, we periodically
measured the CV curves of CuyO NCs/NFgg electrodes stored for 1-27
days and obtained the change of response current with the prolongation
of storage time (FIz—Jh, Fig. S12). As shown in Fig-dh, the response
signal of CupO NCs/NFgg electrode can retain more than 98.6 % of the
initial value even after storing for 27 days, demonstrating its favorable
stability. In addition, we also collected the SEM image of CuzO NCs/
NFgo electrode after detection (Fig. S13), and the well-preserved
morphology further indicated its good stability in electrochemical
sensing. The desirable reproducibility and stability ensure the reliability
of the electrochemical DAH sensor based on Cuy;O NCs/NFgq to be uti-
lized in the analysis of practical samples.

Considering that there are many interfering substances existing in
the practical samples, it’s essential to ascertain the specificity of Cu0
NCs/NFgo electrode to exclude the potential signal interference of
irrelevant substances. We recorded the I-T curves of CusO NCs/NFggo
under the continuous addition of DAH and other interfering substances
such as NaCl, KCl, NaSOg4, Zn(NOs3),, CaCls, Glu, Fru, Suc, Lac etc. in the
same concentration (Fig. S14). And according to the corresponding
column chart in Fig-3i, it can be clearly seen that the response current
generated by the addition of different interfering substances can almost
be ignored, confirming the good selectivity of CupO NCs/NFgg in elec-
trochemical DAH sensing.

The ideal reproducibility, selectivity and stability of proposed sensor
based on CuyO NCs/NFgg electrode render it enormous potential to be
applied for DAH sensing in complex practical environments. DAH added
in animal feed or water can react as growth promoting agent, which
presents potential health risk to customers [EJ]. Therefore, the fabri-
cated electrochemical sensor based on CuyO NCs/NFgq was applied for
the accurate detection of DAH in animal feed. The feasibility of CuyO
NCs/NFgq for the determination of DAH in actual sample was investi-
gated by the spiked recovery method (Fig. S15). And exhibited
the satisfying recoveries of Cuz0O NCs/NFgo (91.05-107.78 %) in
detecting the DAH concentration in animal feed, which illustrated the
excellent reliability of the fabricated sensor based on CupyO NCs/NFgo
for accurate quantification of DAH in real samples.

3. Conclusion

In conclusion, a well-defined Cuy0 nanocubes-based electrode with
low-index lattice planes was successfully prepared through a green and
facile micro-electrolysis strategy. In the pre-processing process of NF, Ni
(OH), sites were introduced to the surface of substrate and combined
with NF to form plenty of micro primary cells, which can tune the
nucleation and growth behaviors of CupO nanocrystals and facilitate the
formation of Cup0 nanocubes enclosed with low-index (100) planes. The
DFT calculation presented the lowest absorption energy of (100) planes
among the low-index facets, which can be ascribed to the electron dis-
tribution and charged property. Due to the superior affinity between
DAH molecules and the (100) planes of CuyO nanocrystals, the CuzO
NCs/NFgo exhibited favorable electrochemical sensing performance
towards DAH, which closely matched the results of DFT calculation. In
addition, the reproducibility, stability, selectivity and recovery experi-
ments were also investigated to evaluate the potential of CupO NCs/
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Table 1
The electrochemical quantification of DAH in animal feed.

Sample Added (uM) Found (uM) Recovery (%)
1 125 134.72 107.78 + 2.75
2 250 259.70 103.88 +£1.23
3 375 364.65 97.24 + 0.89
4 500 455.27 91.05 + 2.04

NFgo-based electrochemical sensor for the detection of DAH, suggesting
that the designed electrochemical sensing platform is promising for DAH
monitoring in practical samples. This work not only proposes a simple,
low-cost and low energy-consumption strategy for the preparation of
Cuz0 nanocubes-based sensitive electrochemical sensor, but also reveals
the superior planes in DAH sensing among all the low-index planes of
Cuz0 nanocubes through DFT calculation, providing new horizon for the
design of Cuy0 nanocrystals materials enclosed with low-index facets for
electrochemical sensing.
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Abstract

Fast-growing flexible electronics bring technological innovation to all industries, including personal health management,
clinical diagnosis, and smart agriculture. However, conventional synthesis strategy fails to reconcile the divergent mechanical
property demands for monitoring disparate targets (such as humans and plants), impeding the development of a universal
strain sensor. In this work, a universal ions pre-incorporation strategy is first proposed to develop ultrasoft and durable ionic
hydrogels for multipurpose biosensing. Through iron-mediated Fenton-like reactions and Cl™-dominated radical scaveng-
ing effects, the glycerin-doped PAAM/PVA hydrogel pre-incorporated with Fe ions (GPPFe) exhibits ultrasoft mechanical
properties (Young’s modulus =41.7 kPa, 84.8% softer than post-incorporated samples), effectively avoiding the excessive
stiffness of ionic hydrogels prepared by the conventional ions post-incorporation strategy, which can be well applied for
the monitoring of plant growth considering its good conformal contact with the plant surface and less pressure on the plant
tissues. The reversible and sacrificial bonds formed between Fe** and polymers ensure excellent mechanical stability of the
GPPFe hydrogel (1.12% permanent deformation after successive loading—unloading 50 cycles test at a tensile strain of 150%,
94.7% lower than post-incorporation strategy), thus ensuring its utilization as a comfortable and durable human wearable
strain sensor. Additionally, this strategy can be extended to design various types of synthetic hydrogels, providing an innova-
tive approach for designing the multipurpose wearable electronic devices oriented to various target objects.

Keywords Ultrasoft hydrogel - Wearable sensor - Ions pre-incorporation - Multipurpose biosensing

1 Introduction biological health assessments. [E'—E] For example, real-time

monitoring of diverse human motions can be employed for

The in-time and accurate monitoring of biological activi-
ties can efficiently transfer the information associated with
body conditions of individual organisms and contribute to
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the record of the frequency of human movement as well
as the prevention and diagnosis of some neurodegenerative
disorders-related diseases, which is of great significance for
further evaluation about human health status. In addition,
real-time monitoring of plant growth, including growth rate
and abnormal growth, as an important part of precision agri-
culture, provides an effective way for increasing crop yields
and improving agricultural production. However, the current
state-of-the-art of strain sensors demonstrates poor univer-
sality and are generally applied to a single target object only
(human or plant). The reason lies in the significant differ-
ences in the requirements of sensing materials in different
biological activities monitoring. In practice, the demand
for comfort level and durability in human wearable strain
sensors requires soft materials with good deformability and
excellent antifatigue property, while the requirement for low
Young’s modulus is higher in plant monitoring since we
desire to accomplish the monitoring of plant growth under
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the fewest possible compression. The pronounced discrep-
ancy between the required properties in human body moni-
toring and plant monitoring poses a serious challenge to the
design of versatile multipurpose biosensors.

Currently, most research on strain sensors is focused
on the exploitation of sensing systems for human activity
monitoring. There are some common strategies such as (1)
rigid conductive material with designed geometric structure,
(2) material with intrinsic high elongation and conduction,
and (3) stretchable/flexible elastomer substrates incorpo-
rated with conductive material or electronic components.
[H—E] Compared with rigid materials, hydrogel, as a kind
of soft material consisting of a 3D elastic polymer network,
can efficiently avoid fundamental mismatch between rigid
sensors and soft biological tissues. [] Among them,
ionic conductive hydrogels utilize electrically conductive
and water-soluble ionic electrolytes that offer natural com-
patibility advantages with hydrophilic polymer networks,
exhibiting promising potential to be utilized for flexible elec-
tronics owing to their high stretchability, biocompatibility,
and wearing comfort. However, at present, ionic hydrogels
are generally obtained through a post-incorporation strategy,
which introduces metal ions by immersing the hydrogel sub-
strate into a salt-containing solution. Due to the salting-out
effect induced by salt solutions, hydrogels obtained by the
ion post-incorporation strategy usually possess excessive
tensile strength, Young’s modulus (generally to hundreds
of kilopascals), and toughness as well as reduced resilience,
which is unable to satisfy the requirements for durability in
human motion monitoring and for non-compression in plant
growth monitoring. Therefore, the design of versatile multi-
purpose biosensors remains a serious challenge.

In this work, we proposed a simple ions pre-incorpora-
tion strategy to prepare ultrasoft glycerin-doped hydrogel of
PAAM/PVA pre-incorporated with Fe ions (GPPFe) with
low Young’s modulus (41.7 kPa) and good mechanical sta-
bility (1.12% permanent deformation after successive load-
ing—unloading 50 cycles test at a tensile strain of 150%),
which can simultaneously satisfy the sensing demand in
various application scenes. Specifically, we constructed an
interpenetrating polymer networks (IPNs) hydrogel consist-
ing of PVA and PAAM, and the PAAM network formed
through free radical polymerization induced by APS while
the PVA network was synthesized after freezing—thawing
cycles. During the synthesis process, Fe ions are incorpo-
rated into the precursor matrix in advance, which can not
only act as ion conductors but also play an important role
in adjusting the physicochemical property of the G-PAAM/
PVA IPNs hydrogel. [@, ] The pre-incorporated Fe ions
can be well integrated into the matrix and entangle between
the polymer chains through coordination interactions, and
thus provide an effective mechanism for dissipating energy
and ensure the favorable mechanical stability in a large range

@ Springer

of movement and frequent usage in human activity monitor-
ing. Meanwhile, the degree of polymerization is modulated
through the equilibrium between iron-mediated Fenton-
like reactions and Cl™-dominated radical scavenging effect.
Under the optimum concentration of pre-incorporated ions,
we can efficiently avoid the undesired high stiffness exist-
ing in ions post-incorporated hydrogels, contributing to an
ultrasoft mechanical property appropriate for plant growth
monitoring. The strategy proposed in this work offers a new
versatile way on the development of ionic conductive hydro-
gels, providing promising insights for the fabrication of uni-
versal flexible wearable sensors oriented to multiple objects.

2 Results and discussions

As exhibited in Fig. Ela, in this work, we aim to address this
need by resolving the mechanical incompatibility between
human- and plant-targeted sensors through a pre-incorpo-
ration methodology for embedding Fe** ions into glycerin-
doped PAAM/PVA hydrogels (GPPFe). To this end, the
prepared hydrogels should bypass the rigidity induced by
salt-out effects in traditional post-incorporation methods,
achieving an ultrasoft mechanical property while ensuring
conformal contact with delicate plant surfaces and minimiz-
ing tissue compression (Fig. Elb). Simultaneously, the hydro-
gel should be engineered with excellent mechanical stabil-
ity to ensure ideal performance in long-term monitoring of
human motion. For all IPN hydrogels, the PAAM covalent
crosslinked network was formed in situ before the PVA
crystalline domain network was constructed, regardless of
the presence or absence of Fe(IIl) ions. For the Fe3*-absent
IPN hydrogel of G-PAAM/PVA, it was first formed by free
radical polymerization of AAM monomer and MBAA cross-
linker under APS thermal initiation to form a single-network
(SN) hydrogel of PAAM (PAAM SN), where the free PVA
chains formed a PVA single network (PVA SN) after three
freeze—thaw cycles, as shown in Fig. [ljb. The freezing step
leads to the separation of the water-polymer phase and the
aggregation in the polymer-rich phase and the formation of
polymer crystals of PVA chains, which can act as cross-
links between the chains and promote the formation of PVA
networks ultimately leading to IPN hydrogels. [Ell] For the
IPN hydrogels pre-incorporated with Fe*>* (GPPFe), they
were named GPPFe, ; , GPPFe, , s, and GPPFe 35,
respectively, according to the concentration of Fe’*, e.g.,
the sample GPPFe,) , ,, implies that the concentration of Fe**
is 0.2 M. In addition, GPPFe; , \; . Was prepared from IPN
hydrogel of G-PAAM/PVA immersed in 0.2 M Fe** solu-
tion. For comparison, the PVA SN hydrogel was also pre-
pared by freeze—thaw cycles using a PVA solution without
PAAM network constituents and Fe>™.
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Fig. 1 a GPPFe-based multipurpose wearable sensors for human motion and plant growth monitoring. b Schematic illustration of the prepara-
tion of the GPPFe hydrogel and its advantages compared with ion post-incorporation strategy

The gelation processes of different hydrogels can be
observed from optical pictures, as displayed in Figure S1.
The pure PVA solution was gelled after undergoing one
freeze—thaw cycle and formed a stable hydrogel after
performing three freeze—thaw cycles, suggesting that our
preparation method does favor the construction of the PVA
SN. For the IPN hydrogels of G-PAAM/PVA, a SN hydro-
gel of PAAM was formed after only heating, and further

freeze—thaw cycles reduced the transparency of the gel,
proposing the successful construction of these two inter-
penetrating networks. However, after pre-addition of FeCl,
to the G-PAAM/PVA system, the hydrogels could not be
formed by merely heating, which could be attributed to the
FeCl; acting as a depolymerizing agent that quenches the
free radicals, [@] resulting in the prevention of PAAM from
forming a complete network to gel the aqueous solution.
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Fig.2 a FTIR spectra of PVA SN, G-PAAM/PVA IPN, and
GPPFe, \ hydrogels. b G’ and G" as a function of frequency for
G-PAAM/PVA IPN, GPPFe ), \; and GPPFe, , hydrogels. ¢ Tensile
stress—strain curves of IPN hydrogels of G-PAAM/PVA and incorpo-
rated with various content of Fe>* (GPPFe). d Corresponding break-

This suggests that the pre-incorporation of FeCl; is detri-
mental to the formation of both PAAM and PVA networks.
In other words, the degree of cross-linking of the IPN hydro-
gel network can be controlled by modulating the amount
of pre-integrated FeCl;, thereby modulating the mechanical
properties of the conductive hydrogels.

To characterize the successful synthesis of GPPFe
hydrogel, the FT-IR spectra of PVA SN, G-PAAM/PVA
IPN, and GPPFe hydrogels were collected in the range
of 4000~ 600 cm™" to explore the chemical bonding con-
figurations of prepared samples (Fig. Ea). The broad band
(3180 ~3400 cm™') that appears in all samples is related to
the overlap of the O-H stretching and N — H characteristic
peaks. [] In the FT-IR spectrum of PVA SN hydrogel,
the peaks located at 1082 and 658 cm~! can be assigned
to C-O and O-H twist, respectively. [ ] And after the
introduction of PAAM, there are two peaks observed at 1040
and 1095 cm~!. Thereinto, the peak at 1040 cm™! corre-
sponds to -NH, in-plane rocking vibrations, while the peak
at 1095 cm™' can be ascribed to the overlap of C—N and
C — O stretching vibration. [ ] Besides, the intensity of
peaks at 2938, 2905, and 840 cm ! in the FT-IR spectrum
of PVA SN hydrogel significantly increases accompanied

@ Springer

ing stress and fracture energy of different hydrogels. e Correspond-
ing elongation at break and Young’s modulus of different hydrogels.
f Successive loading-unloading curves of the GPPFe., ,; and
GPPFe,, , \; hydrogels under 150% tensile strain for 50 cycles

by the addition of PAAM, which corresponds to the CH,
asymmetric stretching, C-H stretching, and CH, asymmetric
rocking motion with some contribution of C-O stretching.
[@] The above results indicated the successful introduc-
tion of PAAM chains and their effective combination with
PVA chains through interactions between chain segments.
In the FT-IR spectrum of GPPFe, , \;, a new peak located
at 811 cm™! can be observed, which refers to the forma-
tion of Fe-O bond. [@] Another newly emerging peak at
990 cm™! is related to C-O stretching vibration. [Rf] The
peak located at 1608 cm™' also emerges after the insertion
of Fe**, which can be ascribed to the bending vibrations of
N-H from amide II from the o — helix secondary structure.
[@] Therefore, we can find that the Fe** binds to G-PAAM/
PVA polymer chains through Fe — O bonds and affects the
interaction of the polymers. In addition, the intensity of the
peak at 1666 cm™! significantly increases, which is related
to the C =0 bond stretching vibration of amide I and C=C
stretching, suggesting the decrease of the degree of polym-
erization after the introduction of FeCl;. [@] The peaks
located at 3198 (O-H stretching), 2905 cm™" (C—H stretch-
ing), and 1230 cm™' (C — N stretching vibrations) exhibited
significant red shift, indicating the addition of hydrogen
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bond interactions between chains induced by added Fe’*.
1)

To demonstrate the regulating role of introduced Fe**
on the mechanical properties of IPN hydrogel of G-PAAM/
PVA, rheological tests were first performed to learn about
their oscillatory mechanical behaviors. As illustrated in
Fig. Eb, the storage modulus (G’) is consistently higher
than the loss modulus (G"”) over all tested frequency (w)
ranges, which indicates that the IPN hydrogels of G-PAAM/
PVA and all GPPFe are solid-like stable hydrogels. With a
small amount of Fe3* (0.07 M), the plateau elastic modulus
(66,442 Pa) of the GPPFe ), \, hydrogel increased slightly
compared to G-PAAM/PVA IPN hydrogel (34,770 Pa), sug-
gesting that the weak interaction of Fe(IIl) with the two net-
works indeed increases the cross-linking density of the IPN
system and thus the mechanical strength of the hydrogel.
However, as we observed earlier (Figure S1), pre-added Fe3*
reduces the number of cross-links in the two networks of
the IPN, which is the main contributor to the elastic moduli
of the gels. Thus, even with the pre-incorporation of only
0.2 M of Fe** into our G-PAAM/PVA IPN hydrogel, the pla-
teau modulus of GPPFe, , \; (5129 Pa) still showed a more
significant decrease. The difference in oscillatory mechani-
cal properties between GPPFe, ;; and GPPFe,, , ; further
suggests that although FeCl; can increase the cross-linking
density of the IPN system, the higher the concentration of
pre-added FeCl; the more it harms the integrity of the two
sub-networks of the IPN. Overall, the elastic moduli of these
GPPFe IPN hydrogels are relatively close to those of many
soft parts of the human body and plants, [@«@] and can be
developed into soft sensing devices for them.

Except for the elastic modulus, conductive hydrogels
as wearable sensors should also have suitable deformation
ability. As shown in Figure S2, the proposed ionic conduc-
tive hydrogel can withstand various deformations includ-
ing stretching and knotting. For this purpose, we carried
out mechanical tests on the prepared IPN hydrogels, and
the tensile stress — strain behaviors of IPN hydrogels of
G-PAAM/PVA and GPPFe were investigated. Similar
to the rheological results, the introduction of Fe3* into
the IPN without (or less) affecting the formation of the
two sub-networks of the IPN as much as possible would
improve the mechanical properties of the hydrogels. As
shown in Fig. Ec, the tensile strength and strain at break
of GPPFe y; \y with a small amount of pre-incorporated
Fe’* and GPPFe , y po introducing Fe’* after gel forma-
tion were significantly higher than those of G-PAAM/PVA
IPN hydrogel. Moreover, the fracture energy (Fig. d)
and Young’s modulus (Fig. e) of GPPFe (; y and
GPPFe 5 v pose Were also significantly higher than those of
G-PAAM/PVA IPN hydrogel, which further demonstrated
that the formation of reversible cross-links by Fe>* in IPN
is favorable for energy dissipation and thus enhances the

mechanical performances of the hydrogels. However, the
hydrogels with high toughness are not applicable for non-
destructive monitoring of plant growth. [@] To obtain
IPN hydrogels with suitable flexibility and better ionic
conductivity, we also tested the mechanical properties of
GPPFe) , \; and GPPFe 55\ hydrogels that were pre-inte-
grated with more Fe®* (Figs. Plc—e). The maximum tensile
stress of GPPFe , \; hydrogel was 0.15 MPa with a frac-
ture strain of 385% and fracture energy of 0.34 MJ m™.
Furthermore, its elastic modulus value is approximate to
some native soft tissues from humans and plants, which is
significantly lower than common commercial soft mate-
rials, ensuring its suitability for further flexible sensing
applications (Tables S1-S2). However, with the content of
FeCl; increased to 0.33 M, the disruption of the hydrogel
network causes decreased mechanical property (tensile
stress <0.031 MPa and elongation at break < 193.3%),
which is unsuitable for practical applications. The modu-
lation of polymerization is primarily achieved through the
equilibrium between iron-mediated Fenton-like reactions
and Cl™-dominated radical scavenging effect. By anal-
ogy to the Fenton system, there is a Fenton-like system
existing between iron ions and persulfate. In our synthe-
sis system, it is suggested that a comparable Fenton-like
reaction occurs in the following way. In the initial phase
when persulfate is added to the system, Fe(III) can be
reduced to Fe(Il) under the presence of co-existing sub-
stances (acrylamide monomer, SO, et al.) within the sys-
tem. [Etl] Then Fe (II) can react with $,04>~ to generate
Fe (III), SO42‘, and thus introduce iron-mediated Fenton-
like reaction. [@] During this process, a transformation
of Fe(IIl) to Fe(IV) simultaneously occurs in the system.
[@] The above process is conducive to the generation of
radicals with high reactivity and accelerates the polymeri-
zation of PAAM networks, resulting in enhanced mechani-
cal property. However, as FeCl; concentration increases,
insufficient Fe(II) is available for Fenton-like reaction due
to limited reducing substances in the system. At the same
time, C1™ in the system has a negative effect on the above
process through the quenching effect on SO, radicals,
disrupting the integrity of the hydrogel network. [@] The
Fenton-like reaction dominated by iron ions and the reac-
tion dominated by chloride ions for radical scavenging
together affect the formation of PAAM networks based
on free radical polymerization and thus adjusting the
mechanical properties of GPPFe hydrogels. The critical
concentration for hydrogel network disruption was also
investigated by tube inversion test (Figure S3). Glycerin in
GPPFe hydrogels can enhance the toughness and increase
the elongation at break of hydrogels (Figure S4), and thus
avoid too low mechanical properties and the resulting poor
practicality.
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To show the fatigue resistance of GPPFe, , hydrogel
for flexible sensing applications, we tested its successive
loading—unloading stretching at a strain of 150% (less than
the corresponding tensile rupture strain) for 50 cycles and
compared it with other hydrogels (Fig. Ef and Figure S5).
Compared to GPPFe o; \; and GPPFe ; y; 05 hydrogels,
the hysteresis loop of the GPPFe, \; hydrogel is much
smaller, suggesting that the GPPFe, y; system allows for
efficient energy dissipation and thus less energy loss dur-
ing successive loading—unloading tensile processes. Moreo-
ver, GPPFe, ; exhibited a permanent deformation as low
as 1.12% after 50 stretching cycles, significantly lower than
other IPN hydrogels with better tensile mechanical proper-
ties (GPPFe,, o7 \: 25.9%, GPPFe 5 \ pos: 21%) (Figure S5).
Then, the fatigue tests were further extended to 1000 cycles
under conditions of 25 °C and 75% relative humidity (Fig-
ure S6). At low strains (30%), the GPPFe,, , ,; hydrogel con-
sistently maintained high structural stability throughout the
cycles, demonstrating excellent recoverability and minimal
hysteresis loss, which is crucial for applications requiring
repeated small deformations. Even with the applied strain
increased to 100%, there is almost no permanent deformation
at the end of the test. Furthermore, we measured the succes-
sive loading—unloading stretching of GPPFe , \; hydrogel
for 1000 cycles under controlled varying temperature (20,
25, and 30 °C) and humidity (50%, 75%, and 90%) conditions
to investigate the effects of environmental factors. As shown
in Figures S7-S8, across all the temperature and humidity
conditions, the permanent deformations at the end of the test
were negligible, indicating good fatigue resistance in differ-
ent environmental conditions. These results further imply
that GPPFe,, , \; hydrogel with suitable mechanical strength
and deformation capacity has better self-recovery and fatigue
resistance and is particularly suitable for flexible sensing
applications.

Considering the significant effect of gel structure on
the mechanical properties of the prepared hydrogels, SEM
images and X-ray photoelectron spectroscopy (XPS) were
collected to obtain the surface texture and additional struc-
tural insight. The SEM image of SN hydrogel of PVA in
Figure S9 exhibits a relatively compact and smooth sur-
face. After the incorporation of PAAM network, the IPN
hydrogel of G-PAAM/PVA displays a gluten network-like
structure with an enlarged pore size and its surface getting
rougher (Fig. a), which can be ascribed to the disruption
of the compact structure of PVA chains induced by the
interpenetrated PAAM network. A small amount of Fe**
pre-introduced into the system did improve the cross-link-
ing density of the IPN hydrogels; and thus, GPPFe (; v
(Fig. Hb) exhibited a denser network morphology com-
pared to G-PAAM/PVA IPN hydrogel. For the IPN hydro-
gel of GPPFe, y;, a large number of particles were uni-
formly distributed on the porous structure of the hydrogel
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network, probably originating from the ferric salts, which
would undoubtedly greatly increase the ionic conductiv-
ity of the hydrogel. Moreover, as discussed earlier in the
mechanical part, GPPFe,, \; has a lower cross-linking
density compared to GPPFe ,; \, due to the pre-addition
of a large amount of FeCl; partially disrupting the forma-
tion of the two sub-networks of the IPN. Accordingly, the
gel network of GPPFe, , ,; is more loose and penetrating,
which may be more favorable for ion transport of the con-
ductive electrolyte.

Then the surface chemical compositions of different
hydrogels were analyzed by XPS spectra. As shown in Fig-
ure S10, in the XPS survey spectra, all samples contain C
and O as the main elements, and the diffraction peaks related
to N and Fe elements emerged after the incorporation of
PAAM and FeCl;, respectively. High-resolution core-level
scans were also conducted to obtain detailed information
on surface compositions. High-resolution O 1 s spectra in
Fig. Hd revealed the appearance of C =0 in IPN hydrogel
of G-PAAM/PVA and GPPFe, \; apart from the C—-O
and — OH in SN hydrogel of PVA, which indicated the
incorporation of PAAM. In addition, a new peak located at
530.7 eV emerged in the high-resolution O 1 s spectrum of
GPPFe , ; hydrogel, which can be ascribed to the formation
of M — O bond between Fe*" and the network of G-PAAM/
PVA IPN hydrogel. For C 1 s spectra, the peaks observed at
284.5, 286.0, and 287.8 eV can be attributed to the C atoms
in C—C/C=C, C - 0/C—N, and C=0 groups, respectively.
[@] The emergence of the peak at 286.0 eV attributed to the
C=0 demonstrated the successful incorporation of PAAM
into the network of PVA SN hydrogel. Compared with IPN
hydrogel of G-PAAM/PVA, the peaks related to C-O, C-N,
and —OH shifted to lower binding energy in the high-resolu-
tion O 1 s spectrum of GPPFe , ; hydrogel, demonstrating
the formation of hydrogen bond interactions between Fe>*
and the networks of IPN hydrogels. [@] And in the spec-
trum of N 1 s of GPPFey, \;, there are four characteristic
peaks appearing at 399.0, 399.7, 400.6, and 401.9 eV, cor-
responding to the — N=, — NH —, — NH, and — NH* — respec-
tively (Fig. Ee). [@, ] The peak related to the — NH* — can
be ascribed to the peroxidation of AAM under the action
of oxidizing agent. [@] It can be observed that the signal
intensity of — NH* —and — NH, gradually increases when
increasing the content of FeCl;, which can be attributed to
the addition of excess oxidants and exposure of monomer
molecules, indicating the decreased degree of polymeriza-
tion of PAAM in GPPFe hydrogel (Figure S11).

The PAAM and PVA networks of IPN hydrogels are
abundant in hydroxyl and amine groups, which are able
to act on other surfaces via hydrogen bonding, coordina-
tion bonding, and so on (Fig. B g), and thus the hydrogels
exhibit a definite adhesion property. As shown in Fig. [ h,
the GPPFe, , ; hydrogels can be adhered to the surface of
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and XPS C 1 s spectra (e) of SN hydrogel of PVA, IPN hydrogel of
G-PAAM/PVA, and GPPFe, \;. f XPS N 1 s spectra of IPN hydro-

different objects such as plastic, glass, fabric, paper, metal,
and tinfoil, which fully demonstrates the potential of hydro-
gels to be applied in a variety of practical fields. In addition,
after being adhered to the human skin, the GPPFe,, , ; hydro-
gel can be easily peeled off with no residue and no anaphy-
lactic reaction (Fig. Ei), making it promising in biosensing.

The conductivity properties of our IPN hydrogel of
GPPFe are mainly dependent on the iron salt electrolyte. The
permeable network structures and enhanced water retention
properties of IPN hydrogel of GPPFe can provide abundant
channels for the migration of electrolyte ions, contributing to
the construction of ionic conductive hydrogels. Therein, the
concentration of salts added into the hydrogel can efficiently
alter its conductivity, which can be verified through the
measurement of electrochemical impedance spectroscopy

Binding Energy (eV)

286 284 282 404 402 400 398 396

Binding Energy (eV)

gel of G-PAAM/PVA and GPPFe,, \. g Schematic diagram of the
surface functional groups of GPPFe,, y; that contribute to adhesion
property. h Adhesion property of GPPFe , , to different substrates. i
Photographs of GPPFe,, , \; peeled off from skin without residue

(EIS) in Fig. Ela. Further, the conductivity values of hydro-
gels prepared with different pre-addition of Fe*™ were calcu-
lated by Nyquist plot using the same equivalent circuit, and
the results are presented in Fig. Eb We can find that the ionic
conductivity is significantly improved with the increase of
Fe(I1I) ion content in the GPPFe hydrogels.

The GPPFe conductive hydrogel was used as a conduc-
tor to connect an electric circuit with a light-emitting diode
(LED) bulb as an indicator. To investigate the electrical
recovery ability of GPPFe hydrogel, we cut off the hydro-
gel in the series circuit and then recontacted it. It can be
observed that the LED bulb was lit up when a complete
hydrogel was accessed in the circuit while the glowing bulb
went out with separated two segments of hydrogel. But if
we made the two parts of hydrogel reconnected again, the
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Fig.4 a EIS curves of the GPPFe hydrogels incorporated with dif-
ferent contents of Fe ions. b Corresponding conductivity calcu-
lated from EIS curves. ¢ Photographs of LED luminance change
in response to the stretching of GPPFe,, ; hydrogel. d Real-time
resistance changes of GPPFe, \; hydrogel in cutting-recontacting
cycles. e The recovering efficiency of electrical conductivity during
cutting-recontacting cycles. f Photographs of LED luminance change

bulb still would be immediately lit up like before (Fig. Elc).
This result manifested the good conductive recovery ability
of GPPFe conductive hydrogel, which can also be verified
through the dynamic resistance curves in Fig. Hd. The results
indicated that after the hydrogel was cut off, the measured
resistance of conductive hydrogel increased sharply and
exceeded the range of the meter due to the infinite resist-
ance of air. And the resistance of the hydrogel returned to
the initial value once we recontacted the separated two parts
of hydrogel (Fig. Ele).

In addition, the brightness of the LED bulb got dimmed
when stretching the GPPFe hydrogel, reflecting the strain-
dependent responsiveness of the hydrogel (Fig. Hf). It can

@ Springer

Time (s)

Strain (%)

in response to the stretching of GPPFe, ,; hydrogel. g Relative
resistance changes of GPPFe, ; hydrogel under different stretch-
ing speeds with a strain of 50%. h Relative resistance changes of
GPPFe,, \ hydrogel under cyclic stretching with different strain. i
Relative resistance changes of GPPFe, y; hydrogel as a function of
applied strain

be ascribed to the fact that during the stretching process,
the resistance of the hydrogel will increase due to the nar-
rower ion channel and elongated migration path, based on
which we can realize the sensitive response to stretching
and monitoring of the geometric deformation under external
forces. The relative resistance changes of GPPFe) , y; hydro-
gel under different stretching speeds were also conducted
at a strain of 50%, and the result indicated the favorable
stability of the strain sensor based on GPPFe, , ,; hydrogel
under different tension speeds (Fig. H g). To evaluate the
strain sensing performance of GPPFe conductive hydro-
gels, we collected the real-time change of the resistance (R)
under different-length uniaxial tensile stretching. As shown
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Fig.5 a Application in human activities monitoring of the GPPFe, ; hydrogel. b—j Real-time resistance changes collected during different
behaviors: b—d finger bending, e-g wrist bending, h elbow bending, i—j knee bending

in Fig.H h-i, the resistance of GPPFe , y; hydrogel gradu-
ally increased with the continuously growing tensile strain.
Accordingly, the gauge factor (GF) of GPPFe, , y; hydrogel
value was calculated as 1.23 in the strain of 10% ~200%.
Compared with other ionic conductive hydrogels-based
strain sensors (Table S3), our GPPFe hydrogels-based strain
sensor exhibited a favorable GF of 1.23 even with a low dop-
ing concentration of ions.

In addition, the sensing performance of GPPFe hydro-
gel incorporated with different concentrations of FeCl,
was also investigated (Figure S12). At low levels of FeCl,
(0.07 M), the limited ion mobility in hydrogel resulted in
low conductivity and corresponding reduced strain sensitiv-
ity (GF=0.79). When the concentration of FeCl; increased
to 0.33 M, although a larger number of ions can contribute
to the enhanced conductivity (5.70 mS cm™'), the change
in sensing sensitivity is not obvious (GF=1.22), indicating
that the positive effect of concentration increase on GF value
only occurs within a certain range. After exceeding a certain

limit, excessive ions have insignificant effect on GF value.
Therefore, the optimal concentration was determined to be
0.2 M due to the opportune balance where ultralow modulus
ensures tissue conformality and high conductivity maintains
sensing sensitivity.

In the practical application, different sensing applications
require diverse suitable characteristics of sensing materials.
The GPPFe, , \; hydrogel shows good flexibility, satisfying
resilience, and adhesivity, which can be used to fabricate
the strain sensor for the monitoring of human movement
(Fig. ﬁa). As shown in Fig. ﬁb—d, we firstly attached the
sensor on the finger joints of volunteers and recorded the
changes of resistance with different angles (30° ~90°) of fin-
gers. When the volunteers bent their fingers, deformation of
hydrogels happened, and the resistance value of conductive
hydrogel would change consequently. It can be observed that
the wearable strain sensor based on GPPFe, , \; hydrogel
exhibited significant response to the movement of fingers,
and the change of resistance values increased with the bend

@ Springer
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responding predicted strain value. d Real-world scene pictures col-

angles of fingers increasing from 30° to 90°, indicating the
good feasibility of the as-prepared strain sensor for the mon-
itoring of human subtle actions. Then we attached the sensor
on the wrist joints of volunteers and monitored the resistance
value under different bending angles (30° ~90°). As shown
in Fig. Ee—g, the relative resistance variation increased with
increasing the bending angle regularly, and the sensing sig-
nal can also reflect the bending speed, which can also be
verified in the real-time resistance changes with the bending
of elbow joints in Fig. E h. In addition, we also collected the
sensing signal of the motion of knee joints (Fig. Ei—j). It can
be observed that with the bending angle gradually increas-
ing, the relative resistance variation increased correspond-
ingly, while the curves were repeatable and regular at the
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lected during plant growth monitoring and the actual measured strain
change. e Real-time resistance changes collected with the monitored
cucumber fruit to be cut

same bending angle, demonstrating the satisfying reliability
of GPPFe hydrogel to be used as a flexible wearable sensor
in monitoring various human activities.

For the measurement of plant growth, especially the
growth rate, low toughness and favorable stretchability were
the crucial factors of conductive hydrogel considering that
the plant tissue is delicate and susceptible to compression
damage. When increasing the content of Fe** in G-PAAM/
PVA IPN hydrogel to 0.2 M, the toughness and Young’s
modulus of hydrogel declined significantly, which enables
suitable characteristics for the monitoring of growth rate
and abnormal growth of plant fruits (Fig. Ha). Besides, in
practical application, most of the hydrogels inevitably suffer
from the evaporation of water in an open environment. To
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avoid the severe dehydration of hydrogels in the long-term
monitoring of plants growth, we introduced glycerol and
FeCl; into PAAM/PVA double network hydrogel. Organic
solvents like ethylene glycol and glycerol can inhibit water
evaporation through interaction with water via strong
hydrogen bonding, while inorganic salts can convert free
water in hydrogels to bound water through the formation
of hydrated ions and thereby increase the water retention
ability of hydrogels. Therefore, GPPFe hydrogels exhibited
significantly improved water retention ability, as shown in
Figure S13. In addition, the effect of UV irradiation is a
critical concern for the sensing stability of GPPFe hydro-
gels in real-world environments. We tested the strain sensing
performance of the GPPFe , \; hydrogel before and after
different UV exposure times at 254 and 365 nm. As shown in
Figure S14, GPPFe , \, hydrogel exhibited a signal retention
rate exceeding 97%, indicating stable strain sensing perfor-
mance in UV exposure testing. The mechanical properties
of GPPFe), \; hydrogel were also measured before and after
UV exposure (Figure S15). We observed that UV exposure
at 254 and 365 nm altered the mechanical properties of the
hydrogels, manifested by the increase in tensile strength
after 36 h of irradiation, which indicated good stability
against UV degradation.

Then we explored the possibility of GPPFe,, , y,; hydro-
gel to be applied in dynamically detecting the rate of fruit
growth of plants (Fig. H). The plant monitoring is conducted
in a controlled greenhouse where ground irrigation elimi-
nates direct water contact and stable microclimate conditions
(75~80% RH at 25 ‘C) ensure the stability of the hydrogel.
In practical detection, the growing rate of plant fruits can
be well reflected by the increased dimension of the fruits,
which will also induce the variation of electrical resistance.
Thus, the value of relative resistance change (AR/R,)) can be
referred to evaluate the growth of monitored plants. The sen-
sor based on GPPFe,, , \; conductive hydrogel was attached
on the middle section of a cucumber to monitor the growing
rate of fruits. On account of the gradually increased strain
caused by the constant growing of fruits, the values of AR/
R, rose correspondingly, and the growing rate was calculated
to be 0.137 mm/min accordingly (Fig. éb). In addition, this
sensor can also be applied for the monitoring of fruit size
and provide the real-time predicted strain value as refer-
ence during the cultivation process (Fig. HC). As shown in
Fig. Ed, we measured the diameter size of the same section
on cucumber fruit at the initial stage and final stage, and
the predicted strain value (15.93%) was close to the actual
measured value (13.3%), indicating the good feasibility of
GPPFe hydrogel in plant growth monitoring. Besides, the
potential of GPPFe hydrogel to be applied for the monitoring
of abnormal growth was also investigated (Fig. He). Once the
fruit was cut, the sensing signal declined promptly, which

proved the potential of GPPFe , ,; conductive hydrogel to
be used for monitoring the abnormal growth of plant fruits.

To investigate the toxicity of hydrogels, the cytotoxicity
of the hydrogel was measured using NIH-3T3 cells by an
MTT cytotoxicity assay. As shown in Figure S16, the cell
viabilities were both >70% after being cultured in extracts
of GPPFe for 12 h while that of G-PAAM/PVA IPN hydrogel
was about 98%, which can be ascribed to the inevitable cyto-
toxicity of residual monomer caused by incomplete polym-
erization. Thus, we must carefully consider the potential risk
to directly attach the GPPFe hydrogels on human skin or
the surface of plants in the practical application. One of the
feasible strategies is to design an insulating underlayer with
similar low Young’s modulus, which can act as a buffer layer
between the sensing layer and human body or plant fruits
without compression injury. In addition, our current appli-
cation scope for plant monitoring is exclusively confined to
controlled greenhouses. To further expand the application
scenarios to outdoor open-air environments, ion leaching
risk under prolonged rainwater exposure should be consid-
ered. Meanwhile, long-term UV stability and water-retaining
capacity of hydrogel remain a challenge. Encapsulating the
GPPFe hydrogel would ensure sustainable plant monitoring
in variable environments. Therefore, the design of a biocom-
patible buffer layer with appropriate mechanical properties is
the focus of our future work.

3 Conclusion

In this work, to develop a wearable strain sensor based
on ionic conductive hydrogels with required mechanical
properties and tensile deformation capabilities for multi-
purpose biosensing, we prepared an ultrasoft and durable
IPN hydrogel of GPPFe via ion pre-incorporation strategy.
The amount and order of added Fe®* strongly affect the
formation of the two sub-networks of the IPN hydrogels,
which in turn can regulate the mechanical toughness and
flexibility of the hydrogels. On account of the improved
flexibility and stretch deformation ability, GPPFe ,
hydrogel exhibited increased adaptability for the moni-
toring of biological activities like human motion and plant
growth considering its good conformal contact with bio-
logical surfaces and less pressure on the biological tissues.
This work provided an innovative and simple strategy that
can be generalized to the fabrication of various ultrasoft
ionic conductive hydrogels based on synthetic hydrogels
for the practical wearable electronics devices.
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4 Experimental procedures
4.1 Reagents and chemicals

Polyvinyl alcohol (PVA), poly(acrylamide) (PAAM),
ammonium persulfate (APS), N,N'-methylenebisacrylamide
(MBAA), iron (IIT) chloride hexahydrate, and glycerol were
purchased from Shanghai Macklin Biochemical Co. Ltd. All
chemicals were of analytical grade and used without further
purification. Deionized water was utilized to prepare aque-
ous solutions in the experiment.

4.2 Preparation of conductive hydrogels

To prepare the GPPFe hydrogel, 0.003 g of MBAA, 3 g of PVA,
and 3 g of PAAM powder were dissolved in 20 mL of deionized
water at 90 C for 5 h to obtain a homogeneous solution. Sub-
sequently, 5 mL of glycerol was introduced, and the solution
was heated at 90°C for 10 min after mixing. Then the above-
mentioned solution was supplemented with 1.5 mL of FeCl,
solution and heated at 90 °C for 10 min. After the mixture was
allowed to cool naturally to room temperature, 1.5 mL of 2.2 M
APS was added under stirring. Based on the final FeCl; con-
centrations in the system (0.07 M, 0.15 M, 0.2 M, 0.26 M, or
0.33 M), the hydrogels were named GPPFe) y; \;, GPPFe 5\
GPPFe,, , \;, GPPFe ) 54\, and GPPFe,, 55 \;, respectively. The
resulting mixture was poured into a clean plastic plate and
polymerized at 60 °C for 10 h; then the GPPFe hydrogel was
obtained after three freeze—thaw cycles executed in a refrigera-
tor (—20 °C) and at room temperature.

For comparison, the IPN hydrogel of G-PAAM/PVA and
SN hydrogel of PVA were also prepared. For the preparation
of the IPN hydrogel of G-PAAM/PVA, the procedure is the
same as the above method but without the addition of FeCl;.
For the preparation of the SN hydrogel of PVA, 3 g of PVA
was dissolved in 20 mL of deionized water at 90°C for 5 h to
obtain a homogeneous solution; then, 5 mL of glycerol was
introduced, and the solution was heated at 90°C for 10 min
after mixing. The mixture was allowed to cool naturally to
room temperature; the PVA SNs were obtained after three
freeze—thaw cycles. For the preparation of the G-PAAM/PVA
IPN hydrogel with post-incorporated Fe** (GPPFe, , post)> the
G-PAAM/PVA IPN hydrogel was immersed in 0.2 M FeCl,
solution for 10 h, and then it was transferred into deionized
water and immersed for 5 h to remove the superfluous ions.
The hydrogel with post-incorporated Fe** stabilized at room
temperature for 24 h to obtain GPPFe) ; y; 4 hydrogel.

4.3 Characterization

To observe the surface microstructures of prepared hydrogels,
field-emission scanning electron microscopy (SEM, S-4800,
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Hitachi, Japan) was used. The surface chemical composition of
prepared hydrogels was analyzed by ESCALAB MKII X-ray
photoelectron spectrometer. Fourier transform infrared (FT-
IR, Nicolet 8700, USA) spectroscopy was utilized to investi-
gate the chemical structure of the hydrogels. The mechanical
properties of prepared hydrogels were measured by a texture
analyzer (TA.XT PLUS/50, STABLEMICVO, Britain) at
room temperature. To carry out the rheological measurement,
a rheometer (DHR-1, Waters, USA) was utilized with a par-
allel plate (diameter 20 mm). Thermal gravimetric analysis
(TGA) of the hydrogels was measured by a thermal analyzer
(TGA/DSC 3+, Mettler Toledo, Switzerland). X-ray diffrac-
tion (XRD) patterns were obtained using a Bruker D8 Advance
diffractometer (Rigaku, Japan).

4.4 Electrical tests

To determine the conductivities of prepared hydrogels, the
electrochemical impedance spectroscopy (EIS) curves were
measured on a CHI660E electrochemical workstation (CH
Instruments, China) with two copper plates used as electrodes.
A digital multimeter (Victor 8246 A, Victory Instruments Co.
Ltd., China) connected to a computer was implemented to
detect the sensing performance of the hydrogel sensors.

4.5 Biocompatibility test

NIH3TS3 cells were cultured in a DMEM medium containing
10% FBS and 1% double antibody. Cells were incubated in
an incubator at 37 °C and 5% CO,. The cells were seeded
into a 96-well plate and incubated for 12 h; then the mix-
ture of complete medium and extract of GPPFe hydrogel
was added into each 96-well plate. After being incubated
for 12 h, the cells were treated with MTT solution. After
culturing for 4 h, we removed the supernatant and added
dimethyl sulfoxide (DMSO, 100 pL) into each 96-well plate
to dissolve blue-purple formazan. Finally, the cell viability
was calculated by measuring the absorbance of each 96-well
plate at 495 nm using a microplate reader (Tecan Austria
GmbH, Salzburg, Austria).

Supplementary Information The online version contains supplemen-
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